Ferritins are a class of iron storage and mineralization proteins found throughout the animal, plant, and microbial kingdoms. Iron is stored within the protein shell of ferritin as a hydrous ferric oxide nanoparticle with a structure similar to that of the mineral ''ferrihydrite.'' The eight hydrophilic channels that traverse the protein shell are thought to be the primary avenues by which iron gains entry to the interior of eukaryotic ferritins. Twenty-four subunits constitute the protein shell and, in mammalian ferritins, are of two types, H and L, which have complementary functions in iron uptake. The H chain contains a dinuclear ferroxidase site that is located within the four-helix bundle of the subunit; it catalyzes the oxidation of ferrous iron by O 2 , producing H 2 O 2 . The L subunit lacks this site but contains additional glutamate residues on the interior surface of the protein shell which produce a microenvironment that facilitates mineralization and the turnover of iron(III) at the H subunit ferroxidase site. Recent spectroscopic studies have shown that a di-Fe(III) peroxo intermediate is produced at the ferroxidase site followed by formation of a -oxobridged dimer, which then fragments and migrates to the nucleation sites to form incipient mineral core species. Once sufficient core has developed, iron oxidation and mineralization occur primarily on the surface of the growing crystallite, thus minimizing the production of potentially harmful H 2 O 2 . 1999 Academic Press
I. INTRODUCTION
In bones and shells, biomineralization is used to provide strength or protection to an organic scaffold and the mineral is extracellular. In ferritin the situation is different: the mineral is sequestered within a single molecule, which has a protein shell of defined size and form. The ferritin protein shell has several functions: it acquires iron(II), catalyses its oxidation, and induces mineralization within its cavity. Thus nonspecific iron(III) hydrolysis is avoided. Ferritin also influences the mineral form in which iron(III) is stored within it, and its soluble protein coat prevents the uncontrolled growth and coalescence of the small mineral particles into larger insoluble aggregates. The protein shell also limits the accessibility of cell constituents to the iron mineral.
Iron-free ferritin molecules (apoferritin) are hollow spheres with an outer diameter of 12 nm, and an inner diameter of 8 nm and have a molecular weight about half a million (Lawson et al., 1991; Harrison and Arosio, 1996) . They are composed of 24 protein chains or subunits arranged in 432 symmetry (Fig.  1a) . The three-dimensional structure is very well conserved throughout the animal and indeed the plant and microbial kingdoms. The protein shell can house up to 4500 iron atoms within its 8-nmdiameter cavity (Fig. 1b) . Such a high Fe:protein ratio (200 times that in hemoglobin) is made possible by sequestering the iron as a compact mineral (Fig.  2) . The fact that mineralization occurs within preformed intact shells, which limit the size of the hydrous ferric oxide particles, may also influence the availability of the iron.
Very little is known about the chemical nature of the iron reaching ferritin in vivo. There is very little free iron(II) within cells (about 10 Ϫ8 M (Williams, 1982) and an abundance of potential chelators such as citrate. Nevertheless, controlling the iron mineralization of ferritin shells is accomplished through the matching of protein concentration to cellular iron levels. This is achieved in both eukaryotes and prokaryotes by the response of the protein's biosynthetic apparatus to cellular iron (reviewed in Hentze and Kü hn, 1996) .
Here we discuss our current knowledge of the structure of the iron mineral and the ferritin protein shell and our understanding of the steps leading to iron mineralization. The emphasis will be on animal ferritins, most of the information being derived from human, horse, and frog proteins. Bacterial ferritins Ferrin et al. (1988) ; (b) Half molecule viewed down a fourfold axis showing the 8-nm-diameter iron storage cavity. All atoms represented by solid spheres using conic program of Huang et al. (1991) ; (c) ␣-carbon chain trace of a single subunit made as in (a). Helices labeled A to E; (d) view of a threefold channel (arrow) on the external surface of HuHF colored according to the values of the electrostatic potential, (in k ␤ T/e units) on the scale: Ͼ ϩ1, blue; ϩ/Ͼ Ͼ O, light blue; O Ͼ Ͼ Ϫ1, white; Ϫ1 Ͼ Ͼ Ϫ4, light pink; Ϫ4 Ͼ Ͼ Ϫ6 darker pink; Ϫ6 Ͼ , red. Electrostatic field lines initiated from points near the molecular surface show the electrostatic field has a ''funnel'' shape. Figures (a-c) provided by T. J. Stillman and (d) by T. Douglas. will be touched on where they provide important supplementary data.
II. THE MINERAL CORE

A. Structure and Composition
Transmission electron micrographs of holoferritin show well-defined nanoparticle crystallites encapsulated within the protein and having sizes which approach the interior 8-nm diameter of the protein shell ( Fig. 2) (Massover, 1993) . Single or multiple crystallites and amorphous regions are observed within a given protein shell. Early powder X-ray and electron diffraction studies of ferritin cores showed a number of d-spacings (Harrison et al., 1967) which correspond well with the values reported for the hydrous ferric oxide mineral ferrihydrite (Towe and Bradley, 1967) . Ferrihydrite has the approximate formula 5Fe 2 O 3 и9H 2 O and is a precursor to more stable minerals, such as ␣-Fe 2 O 3 (hematite), formed upon loss of structural water (Towe and Bradley, 1967; Eggleton and Fitzpatrick, 1988) . While the exact structure of ferrihydrite is uncertain, recent data suggest a model made up of double hexagonally closest packed oxygen atoms in a stacked lattice, with the majority of iron(III) in octahedrally coordinated sites but up to 1 ⁄3 of the iron in tetrahedral sites (Eggleton and Fitzpatrick, 1988) , although this has been disputed (Manceau et al., 1990) . Sites are about 50% occupied by iron, resulting in a partially disordered structure. Ligands to the Fe 3ϩ include O 2Ϫ and OH Ϫ ions and H 2 O. Fits of EXAFS data for the cores of horse spleen ferritin indicate that the iron(III) has a first coordination number in the range 5.0 Ϯ 0.3 to 5.6 Ϯ 0.5, with an Fe-O distance of 0.195 Ϯ 0.001 nm (e.g., Islam et al., 1989) . A 1 ⁄3-2 ⁄3 mix of tetrahedral and octahedral sites would give an average coordination number of 5.3, thus allowing for the possibility that some iron in the core of ferritin is 4-coordinate.
The hydration and multiple lattice vacancies in the ferrihydrite structure probably account for its low stability relative to other common iron oxide minerals such as goethite, maghemite, hematite, and lepidocrocite and probably is important for rapid mobilization of iron from ferritin (Powell, 1998) . In the absence of ferritin, the prevalent hydrous iron oxide precipitated from aqueous solutions is lepidocrocite or goethite, ␥-FeO(OH) or ␣-FeO(OH), not ferrihydrite (Macara et al., 1972) . Therefore, the protein is not just a passive reservoir for iron but provides a microenvironment within the protein shell that influences the mineral phase that is formed. Because of the large surface to volume ratio of the mineral core, both the surface free energy and the free energy of the bulk mineral phase contribute to the stability of the nanoparticle phase of ferritin. About 40% of the Fe atoms in a core of 2100 Fe atoms are predicted to be at the surface (Frankel et al., 1991) .
The properties of the cores of some representative ferritins from mammals, bacteria, plants, and molluscs are summarized in Table I . The cores of ferritin are polydisperse in size, with approximate diameters ranging from 2.5 to 9.0 nm and of variable geometry (e.g., St. Pierre et al., 1990; Wade et al., 1993; Massover, 1993) . A striking feature is their variable phosphate content, ranging from 44 Fe/P i for ferritin from the limpet Patella laticosata to 1.7 Fe/P i for that from the bacterium Pseuodmonas aeroginosa (Table I) . Mammalian ferritin cores have intermediate levels of phosphate. Cores containing low levels of phosphate tend to be more crystalline and exhibit diffraction lines typical of ferrihydrite (e.g., Harrison et al., 1967; St. Pierre et al., 1990; Wade et al., 1993) , whereas high concentrations of phosphate found in bacterioferritins and phytoferritins produce amorphous materials (e.g., Rohrer et al., 1990; Wade et al., 1993) . The small amounts of phosphate in mammalian ferritins appear to be largely surface adsorbed, whereas the large amount of phosphate in bacterioferritins (and plant ferritins) penetrates throughout the core and the mineral is more appropriately viewed as an amorphous hydrated iron phosphate (Mann et al., 1986; Wade et al., 1993) . In high phosphate cores, an Fe-P distance of 0.326 nm is observed; the absence of an 0.35-nm Fe-Fe distance typical of mammalian ferritins indicates loss of long-range order (Waldo et al., 1995; Rohrer et al., 1990) . Significantly, crystalline ferrihydrite-like cores can be formed in plant and bacterioferritins by reconstituting the ferritin from apoferritin (with Fe(II) plus O 2 ) in the absence of phosphate (Rohrer et al., 1990; Wade et al., 1993; Waldo et al., 1995) ; conversely horse spleen ferritin reconstituted in the presence of phosphate produces an amorphous core (Rohrer et al., 1990; St. Pierre et al., 1996) . Thus the presence or the absence of phosphate in the core of a particular ferritin reflects the composition of the medium from which it is formed and is not a property of the protein itself. Hydrated iron phosphate cores are more thermodynamically stable than ferrihydrite cores, as revealed by their more negative reduction potentials (Watt et al., 1985 (Watt et al., , 1986 and by their tendency to form in place of ferrihydrite when phosphate is present (Rohrer et al., 1990; St. Pierre et al., 1996) .
Another form of iron storage in cells is hemosiderin, an insoluble poorly defined protein-mineral core complex that is thought to be derived from the lysosomal degradation of the ferritin protein shell (reviewed in Harrison and Arosio, 1996) . The mineral cores of hemosiderin are generally smaller than those of ferritins from the same tissue (Table I ) but in normal individuals still have ferrihydrite-like structures. Hemosiderin from some patients with the iron overload disease secondary hemochromatosis (thalassemia) have cores more goethite-like in structure, whereas hemosiderin cores from patients with primary hemochromatosis are more disordered and ferrihydrite-like (St. Pierre et al., 1998; Andrews et al., 1988) .
Ferritin cores containing iron in the ferrous state can be produced either by incomplete oxidation of Fe(II) that has been added to the apoprotein or by electrochemical reduction of the Fe(III) core of the holoprotein (Hilty et al., 1994; Rohrer et al., 1987; Watt et al., 1985) . Whether such cores occur in vivo or play some role in the biochemistry of iron is unknown. Other nanoparticle mineral cores of ferritin have been synthesized, including amorphous ferric sulfide, uranyl(VI) oxyhydroxide, manganese(III) oxyhydroxide (MnOOH), and crystalline maghemite (␥-Fe 2 O 3 ) (Douglas et al., 1995 , and references therein).
B. Magnetic Properties
The magnetic properties of the ferritin core have been the subject of extensive investigation over the years but aspects of their interpretation remain controversial (reviewed in Brooks et al., 1998) . It is generally agreed that the electron spin magnetic moments of the individual Fe 3ϩ ions within the ferritin core are antiferromagnetically coupled (spins paired). However, because of the small size of the core particle, cancellation of individual magnetic a Data were taken from compilations in Treffry et al. (1987) , St. Pierre et al. (1989 , Wade et al. (1993) , and Andrews et al. (1988) .
moments is incomplete. The remaining net magnetic moment becomes a property of the particle itself and gives rise to the phenomenon known as superparamagnetism. Mössbauer spectroscopy has been used extensively to study superparamagnetism of a variety of ferritins having natural or synthetic cores (St. Pierre et al., 1989 Treffry et al., 1987; Wade et al., 1993) . Figure 3 illustrates the temperature dependence of the Mössbauer spectrum of horse spleen ferritin reconstituted with 1000 iron atoms at an Fe/P i ratio of 7/1, typical of the native holoprotein (St. Pierre et al., 1996) . The spectrum evolves from a magnetic hyperfine sextet at low temperature (4.2 K) to a quadrupole doublet at high temperature (80 K). The temperature at which the areas of the two types of signals are equal is known as the mean blocking temperature 7T B 8 (ϭ33 K in this instance), the average value for the ensemble of particles in the sample. Higher blocking temperatures are predicted for larger volume particles and also for those with larger barrier anisotropy constants, which in turn reflects the degree of crystallinity of the core. This expectation is largely borne out by the data in Table I (see also St. Pierre et al. (1996) and Frankel et al. (1991) ). For example, reconstitution of horse spleen ferritin with 1000 Fe atoms at a 0.8 Fe/P i ratio results in a reduction in crystallinity and in the blocking temperature 7T B 8 from 33 K (Fig. 3 ) to 17 K (St. Pierre et al., 1996) .
III. THE FERRITIN PROTEIN SHELL AND ITS ROLE IN IRON MINERALIZATION
A. Shell Structure and Subunit Composition
Preparations of ferritins from animal tissues contain two different subunits, M r ϳ 20 000, known as H and L (Heavy and Light), which have only about 55% identity in amino acid sequence (Arosio et al., 1978) . The H:L subunit ratio depends on the tissue of origin with the ferritins of heart and brain containing about two thirds H subunit and those of liver and spleen (major iron storage organs) having up to 90% of L subunit (Arosio et al., 1978) . Much work has been devoted to establishing the structures of the different subunits and their roles in mineralization processes (Harrison and Arosio, 1996) . Determination of the individual subunit structures was dependent on the production of recombinant H or L subunit ''homopolymers.''
B. Structures of Recombinant H and L Homopolymers
Three-dimensional structures analyzed at high resolution for human H (HuHF) and horse L (HoLF) and also frog H (FrHF) and L ferritins (FrLF) (Hempstead et similar (␣-carbon atoms superposing to within 0.5 Å rms). In all ferritins analyzed, the subunits are folded into four-helix bundles which are over 5 nm in length each, with a long nonhelical loop connecting opposite ends of the bundle. A fifth shorter helix (E) is disposed at about 60°to the bundle (Fig. 1c) . Subunits assemble spontaneously into symmetrical shells in which tetrads of E helices lie nearly parallel to each of the fourfold axes (Fig. 1a) . A feature of importance to mineralization processes is the association of subunits into anti-parallel rhomb-shaped pairs (Fig. 1a) . Comparison of primary structures of HuHF and human L chain ferritin (HuLF) indicates that amino acids which participate in inter-subunit interactions in HuHF are largely conserved (79% identical) in HuLF (Hempstead et al., 1997) . This explains the ability of the two types of subunit to coassemble. Particularly striking is the conservation of the glutamates and aspartates directed toward the threefold axes which are common to both subunit types (see Fig. 6 ) and to many other animal ferritins, although not to bacterial ferritins. In contrast, amino acids buried within the subunit are less well conserved in human H and L subunits, although often conservatively substituted. Residues on the outer molecular surface are poorly conserved (34%). A most striking feature of the internal structure of both H and L subunits is a central hydrophilic region surrounded by hydrophobic residues. However, there the similarity ends: H subunits comprise a dinuclear metal binding site with highly conserved ligands but in L subunits this feature is replaced by electrostatic interactions between negatively and positively charged side chains (Lawson et al., 1991) (Fig. 4) ). Inner surface residues are also relatively poorly conserved (43%) overall. For example, L subunits have a cluster of four carboxylic acid residues (glutamates) on their inner surface, whereas there are only two in H subunits (Fig. 5 ). The complementary functions of H and L subunits depend on their structural differences: in heteropolymers the dinuclear centers of H subunits are responsible for the ferroxidase activity, whereas the negatively charged residues on the inner surfaces of L subunits promote ferrihydrite nucleation.
C. Outline of Steps Leading to Iron Mineralization within the Ferritin Protein Shell
Numerous in vitro experiments indicate that iron storage involves the uptake of iron(II) into the protein shell, its conversion to iron(III) at the dinuclear 'ferroxidase' centers, and the movement of iron(III) into the cavity for deposition as ferrihydrite (Harrison and Arosio, 1996; Chasteen, 1998; Harrison et al., 1998; Harrison and Treffry, 1998) . The protein shell is exquisitely designed to enable and control these processes, as described in Section IV.
D. Iron(II) Uptake into the Protein Shell: The Threefold Channels
Iron(II) must find its way into the protein shell and reach the ferroxidase centers. The X-ray crystallographic observation of metals (Cd 2ϩ , Zn 2ϩ , Ca 2ϩ , and Tb 3ϩ ) bound to the six conserved carboxylates suggests the threefold channels as the likely route of iron entry into the protein shell in animal ferritins (Lawson et al., 1991; Hempstead et al., 1997) . Experimental evidence consistent with this proposal includes 113 Cd NMR data which indicate that Fe 2ϩ ions compete with Cd 2ϩ binding to HoSF in the channels (Stefanini et al., 1989) and several studies which show that substitution of the threefold channel carboxylates by other amino acids (alanine, histidine, or leucine) inhibits iron incorporation into ferritin Levi et al., 1996) . Entry by this route means that iron(II) must not only pass through the channel (ϳ1.2 nm) in length but also traverse a distance of about 2 nm along a hydrophilic pathway from the inside of the channel to the catalytic oxidation center . Support for the threefold route has come from the recent calculations of electrostatic potentials in HuHF (Douglas and Ripoli, 1998) which show that the negative outer entrance is surrounded by patches of positive potential and this arrangement leads to electrostatic fields directing cations toward the channel entrance (Fig. 1d) . The region of negative potential extends through the threefold channels to the interior. The high degree of conservation of the three glutamates and three aspartates in both H and L subunits enables these channels to maintain their character in heteropolymer ferritins.
E. Iron(II) Oxidation at the Dinuclear Centers of H Chains
Many kinetic experiments with recombinant HuHF and also with HuLF and HoLF have pinpointed the dinuclear center (Fig. 4a) as the catalytic (ferroxidase) center (Levi et al., 1988 (Levi et al., , 1989b (Levi et al., , 1992 . Amino acid substitutions at the dinuclear center in HuHF show greatly reduced oxidative activity (e.g., E27A, E62K ϩ H65G, E107A, and Y34F, see 1997; Sun et al., 1993) . Binding of iron(II) at both sites A and B (Fig. 4a) is required for fast oxidation, which for HuHF is complete in well under 10 s with 48 Fe(II)/protein, pH 6.5 .
F. Putative Ferrihydrite Nucleation Sites
Several metal sites have been located on the inner surface of ferritin shells, some or all of which may be iron-binding sites. Thus, in HoSF and HoLF two sites binding Tb 3ϩ or Cd 2ϩ were identified on the cavity side of the B helix, one with ligands Glu53 and Glu56 and the other ligated by Glu57 (61) and Glu60 (64), the H subunit position numbers being given in parentheses Granier et al., 1997) . In HuHF, however, the first pair of glutamates is replaced by histidines and a single Tb 3ϩ is found with ligands Glu61 and Glu64 equivalent to Glu57 and Glu60 in HoLF (Lawson et al., 1991) .
The negative patches of B helix glutamates directed into the cavity are close to the twofold symmetry axes relating subunits and, because of symmetry, extend across these axes (Fig. 5) . This is particularly obvious for the L subunit pair (Fig. 5b) . The glutamates may be involved in ferrihydrite nucleation, with L chains being more efficient in promoting nucleation than H chains (Levi et al., 1989b (Levi et al., , 1992 Lawson et al., 1991; Wade et al., 1991; Bauminger et al., 1991a; Crichton et al., 1996; Santambrogio et al., 1996) . Amino acid substitutions at these residues lead to diminished core formation (Levi et al., 1994b; Santambrogio et al., 1996) . In H chains, the glutamates lie quite close to the ferroxidase center and Glu61 can act alternately as a ligand to the ferroxidase and inner surface sites, suggesting a means by which Fe(III) is moved into the cavity to form an incipient core (Lawson et al., 1991; Harrison and Treffry, 1998) . Glu61 is shown in its inner surface position in Fig. 5a .
G. The Complementary Roles of H and L Chains
There is now considerable evidence supporting the hypothesis that H and L subunits have complementary functions, ferroxidation, and mineralization, respectively. For mineralization within the ferritin shell the protein must efficiently compete with nonspecific iron(III) hydrolysis and precipitation in bulk solution (Wade et al., 1991) . HuLF takes up iron(II) at pH 7.0, converting it slowly to ferrihydrite in its cavity, but is unable to do so at pH 5.5. However, when HuLF and HuHF proteins are mixed at pH 5.5, some of the iron oxidized by HuHF is acquired and retained by HuLF (Levi et al., 1992) . In heteropolymer proteins, only 18-30% H subunit is required for maximum iron incorporation and mineralization (Levi et al., 1994b) . More slowly incorporating L-rich ferritins yield iron core particles of greater average size, crystallinity, and magnetic ordering than the H-rich ferritins (Wade et al., 1991; Bauminger et al., 1991a) . Modification of both ferroxidase center and cavity carboxylate residues leads to ferritins that do not oxidize or incorporate iron (Wade et al., 1991; Sun et al., 1993) .
IV. IRON STORAGE MECHANISMS: OXIDATION AND MINERALIZATION
A. Overall Reaction Paths of Iron Oxidation and Hydrolysis
Since iron(II) oxidation and ferrihydrite nucleation occur, respectively, within the four-helix bundle of the protein shell and on the inner surface of the cavity, iron(III) must be able to move between these two locations. The oxidation step is controlled by the ligand geometry of the ferroxidase center, whereas ferrihydrite initiation and growth are likely to involve a series of hydrolytic steps in which iron(III) atoms are added progressively and protons are released. Although the first few iron(III) atoms forming ferrihydrite nuclei may be protein-bound, the bulk of the iron(III) is bound (through O 2Ϫ or OH Ϫ ) directly to the growing mineral nucleus (Sections IV   FIG. 6 . Detail of the HuHF structure near a threefold axis. Residues D131 and E134 from each of three chains point toward the axis and attract Fe 2ϩ ions into the inter-subunit channel (see Fig. 1d ). D131 and E134 are conserved in HoLF. Drawing made with the MOLSCRIPT program of Kraulis (1991) by T. J. Stillman.
B and C). Once the iron core nuclei have reached 100 or more iron(III) they are also able to perform surface oxidation of iron(III) (Section IV F).
The stoichiometries of oxygen consumption and iron(III) hydrolysis have been recently determined by Yang et al. (1998) , who used a combined oximeter and pH stat to measure oxygen consumed and protons released and also followed the progress of the reactions spectrophotometrically. The consumption of two iron(II) per O 2 for the protein-based reaction implied that H 2 O 2 is the product of the ferroxidase reaction in both HuHF and HoSF, a result confirmed by the change in measured stoichiometry in the presence of catalase. One proton was released per iron(II). The overall reaction at the ferroxidase center postulated by Yang et al. (1998) is
(1)
They further suggested that the net reaction for the transfer of iron(III) to the core is
Hydrolysis produces one more proton per iron atom and the ferroxidase center is vacated. Once sufficient core is developed (Ͼ100 Fe atoms), the alternative mineral surface iron(II) oxidation and hydrolysis on the surface of the growing core may now proceed:
B. Mechanisms of Iron Oxidation and Iron Core Building Up: Observed Intermediates
Considerable data have accumulated which allow some of the steps to be analyzed further. The construction of the dinuclear iron site (Lawson et al., 1991; Treffry et al., 1992) and the stoichiometry of 2 Fe(II)/O 2 (Yang et al., 1998) suggest the transfer of two electrons, one from each Fe(II), to an O 2 molecule bound at the same site. Maximal oxidation rates were also obtained with 2 Fe(II)/H subunit in stoppedflow analyses ). An initial blue species which forms and decays within a few seconds after the addition of 48 Fe(II) atoms/ apoferritin molecule is now thought to be a diferricperoxo intermediate Harrison and Treffry, 1998) . Its UV-visible absorbance spectrum (maximum at 650 nm in HuHF) resembles those of known diferric-peroxo model complexes. Moreover, the first species to be observed at 25 ms after rapid freeze-quench of samples of FrMF (a frog ferritin functionally similar to FrHF), to which 36 Fe(II) molecules had been added aerobically, gave Möss-bauer parameters (QS ϭ 1.08 mm/s, IS ϭ 0.62 mm/s) typical of diferric-peroxo complexes (Pereira et al., 1998) .
A second intermediate, appearing in both HuHF and HoSF within 30-60 s after Fe(II) addition, but after the blue complex, gave absorbance bands at 305-310 and 340-350 nm typical of µ-oxobridged Fe(III) dimers and with a stoichiometry of 2Fe/H subunit, confirming the assignment based on Möss-bauer parameters (Bauminger et al., 1991a (Bauminger et al., ,b, 1993 Treffry et al., 1992; Yang et al., 1998) . Such a dimer would be expected if µ-oxobridge formation occurred at the ferroxidase center after the initial oxidation step (Eq. 1).
The first reaction at the ferroxidase centers may now be postulated as addition of dioxygen to the di-Fe(II) center (either at a terminal position (as in Treffry et al., 1992) or bridging) and leading to the formation of µ-oxobridged Fe(III) dimer plus peroxide. One such pathway is Dioxygen binding:
Iron ( In the scheme of Yang et al. (1998) species (Eq. 1) at the ferroxidase center followed by another hydrolysis step during transfer of this iron to the core (Eq. 2). It may be noted that the postulated dihydroxy species is not charge-neutral (the iron pair has four glutamate ligands) and is thus inherently unstable.
Studies with HuHF and HoSF using both UV difference and Mössbauer spectroscopy indicated that the µ-oxobridged dimers split prior to their transfer to the cavity according to the sequence: dimer = monomer = cluster (Bauminger et al., 1991a) . There was a marked increase in the proportion of clusters and a decrease in monomers as the number of Fe atoms/molecule was increased from 4 to 40 (Bauminger et al., 1991a) . This probably re-flects the stabilization of the ferrihydrite core as it increases in size, a consequence of the decrease in surface free energy of the nanoparticle. Splitting of the oxobridge may occur through addition of a water molecule to give two monomeric [Fe(OH) 2 ] ϩ ions followed by migration to the cavity to form core, as in Equation 2. Core initiation could be enhanced by proximal binding of two Fe 3ϩ at the putative cavity ''heteronucleation'' center (Hempstead et al., 1997; Granier et al., 1997; Gallois et al., 1997) to give a µ-oxobridged dimer similar to that proposed by Yang et al. (1998) for the ferroxidase site. Hydrolytic addition of further Fe 3ϩ produced at the ferroxidase site in the cavity would then allow the buildup of linear and three-dimensional polymers of increasing stability.
C. Movement of Iron from Protein Sites to Ferrihydrite Cores in the Same or Other Ferritin Molecules
Of the multiple Fe(III)-binding sites on both the protein and the ferrihydrite core, the former are constant in number, whereas the number of sites on the core particle grows with the surface area (Macara et al., 1972) . This feature together with the greater stability of the core sites increases their ability to compete for Fe(III). An ''all-or-none'' distribution was noticed when newly formed ferritin was analyzed in an ultracentrifuge (Macara et al., 1972) and Möss-bauer spectroscopy has revealed the presence of magnetically ordered cores when only 10 Fe atoms/ molecule were added (Yang et al., 1987; Bauminger et al., 1991b) . A magnetic ordering would not be expected for particles containing less than about 70 Fe(III) atoms (Bauminger et al., 1991b) . Contributing to this uneven distribution of core size is the ability of ferritin molecules containing mature cores to acquire iron from other ferritin molecules, as demonstrated by Mössbauer spectroscopy (Bauminger et al., 1991b) . These observations and the finding that iron oxidized by ferritin can be taken up by iron-free transferrin (Bakker and Boyer, 1986) indicate that Fe(III) transfer does not require a specific structural relationship between donor and acceptor molecules.
D. Loss of Protons or Gain of Phosphate Ions Maintains Charge Neutrality of the Core
Core formation during Fe(III) hydrolysis produces electrically neutral ferrihydrite but releases protons. If not lost from the cavity or their charges neutralized by incoming anions, these protons would destabilize both the protein and the core. In most ferritin molecules some of the OH Ϫ ions of the core are replaced by orthophosphate ions, the majority of these residing on core surfaces (Treffry and Harrison, 1978; Huang et al., 1993) . Electrostatic potential calculations indicate that the expulsion of protons or uptake of H 2 PO 4 Ϫ (or other anions such as Cl Ϫ ) would be facilitated by the direction of electric fields through the fourfold channels in HuHF (Douglas and Ripoli, 1998) . This pathway may also be the route taken by Fe 3ϩ or Fe 2ϩ ions leaving the molecule.
E. Iron(II) Oxidation on the Mineral Surface Produces Water and Avoids Fenton Chemistry
Fe(II) oxidation at HuHF ferroxidase centers yields H 2 O 2 and, if this meets free Fe(II), dangerous Fenton reactions may ensue, with the production of hydroxyl radicals which cause damage to nucleic acids, lipids, and protein:
Such radical reactions have been observed with HoSF (Chen-Barrett et al., 1995) . However, Fenton reactions are minimized in HoSF and HuHF when Fe(II) is added in ratios of about 200 atoms/molecule or more, since the oxidation stoichiometry approaches 4 Fe(II)/O 2 with the production of water instead of peroxide, as in the mineral surface reaction 3 (Sun et al., 1993; Yang et al., 1998) . In EcFTN Fenton reactions are avoided because 3-4 Fe(II) are oxidized per subunit, 2 at the ferroxidase center and a 3rd at a neighboring position (Treffry et al., 1998) .
F. Reutilization of Ferroxidase Centers
Movement of iron from ferroxidase center to core should regenerate ferroxidase activity on vacated centers. However, at iron loadings of 12 or 38 Fe atoms/molecule µ-oxobridged dimers persisted for long periods in HuHF (50 or 28%, respectively at 24 h). In contrast all the iron was in clusters in HoSF at these loadings (Bauminger et al., 1991a) . Stoppedflow studies of initial rates of Fe(II) oxidation in both FrHF and HuHF indicated that regain of activity with a second Fe(II) addition required several hours (Waldo and Theil, 1993; Treffry et al., 1995) . Yang et al. (1998) have found that with repeated additions of 1 Fe(II)/subunit made at 37°C, pH 7.04, and at intervals of 10 min or more, most of the iron was processed by the ferroxidase center, but at shorter intervals the mineral surface pathway was increasingly utilized. Activity regeneration measured by oximetry was faster with HoSF or if molecules containing performed iron cores were added to HuHF . Thus, L subunits not only promote the growth of a high-affinity sink for Fe(III) (the iron cores) and mineral surfaces for oxidation they promote reutilization of H subunit sites as well. The unanswered question inevitably arises: to what extent are both types of oxidation reaction utilized in vivo?
V. CONCLUSION
Our understanding of how ferritin sequesters iron and converts it into a mineral form has advanced greatly since its isolation some 60 years ago (Laufberger, 1937) . The structures of several ferritins have now been determined and much of their iron chemistry has been defined. However, a number of outstanding questions remain. One of these is the role of the inner surface carboxylates in promoting mineralization. Do these residues provide specific iron-binding and mineral nucleation sites, as some studies have indicated, or do they simply create a microenvironment favorable to mineralization? The lack of a specific structural relationship between mineral and protein in HoSF (Harrison et al., 1967) , the wide chemical composition of inorganic complexes that can be sequestered within the ferritin cavity, and the absence from bacterial ferritins of the glutamate cluster of L ferritins all suggest that the driving force for mineralization is not a highly structured nucleation site. Moreover, the concentration of a single Fe 3ϩ ion within the ferritin cavity is about 14 orders of magnitude greater than the solubility of free Fe 3ϩ , so that the thermodynamic force for hydrolytic polymerization as iron(III) is sequestered by ferritin must be enormous.
The ferroxidase site of ferritin plays a central role in the harvesting of iron from the environment of the protein by accelerating the internal oxidation of iron(II) so that hydrolysis and polymerization can then ensue, resulting in growth of the nanoparticle iron hydroxide oxide phase contained within the protein shell. Once a core of sufficient size is obtained, subsequent iron(II) oxidation and mineralization then takes place directly on the growing mineral surface until the protein acquires its full complement of iron. Ferritin has evolved a molecular design that limits this chemistry within its interior, thus avoiding nonspecific iron oxidation and hydrolysis reactions from occurring within the cytosol of the cell. In this way other proteins and nucleic acids are protected from the toxic effects of ''free'' iron.
